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ABSTRACT

The progression from the undifferentiated state to the fully differentiated skeletal
myocyte is orchestrated by a highly complex network of transcription factors whose
expression is regulated by several families of molecules. However, not much is known about
the early events that lead to the expression of muscle progenitor markers. This series of
studies aims to further understand the mechanisms which regulate commitment to the
myogenic lineage.

In Chapter 2, Sox15 was found to be sufficient for the expression of pre-skeletal
mesodermal ’markers, but failed to upregulate the expression of the myogenic regulatory
factors while Sox7 was able to induce the entire myogenic program. Cells overexpressing
Sox15 show elevated levels of genes that inhibit differentiation and promote proliferation,
which coincides with the lack of progression past the muscle precursor stage. These results
demonstrate that Sox15 and Sox7 have differential roles in regulating skeletal myogenesis.

Chapter 3 demonstrates that the Wnt signaling pathway positively regulates the
expression of Foxc1/2. This result was further extended by the demonstration that 3-catenin
occupies the chromatin upstream of Foxcl during differentiation. Loss of functional Gli2
and Meox1 led to the downregulation of Foxcl/2, while misexpression of Gli2 upregulated
the expression of these two genes. These studies have helped us define the pathways that
regulate Foxc1/2 expression, and more specifically that functional B-catenin is required for
Foxcl/2 expression.

Chapter 4 investigates the contribution of soluble signaling molecules to the

regulation of Sox7 expression. Treatment with retinoic acid accelerated Sox7 and Wnt3a

i
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expression, and activation of the Wnt pathway led to upregulation of Sox7, most likely by
direct interaction of [-catenin with the promoter, as demonstrated by chromatin
immunoprecipitation. It is likely that retinoic acid acts upstream of the Wnt signaling
pathway, since it was unable to overcome the repression of Sox7 expression by a non-
functional B-catenin. Therefore, Sox7 can be placed downstream of both the Wnt pathway
and retinoic acid signaling during myogenesis in P19 cells.

Theses studies have provided a clearer understanding of the pathways that regulate

the expression of genes involved in the regulation muscle precursor cell fate.

iii
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Chapter 1

Introduction
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1.1 — VERTEBRATE EMBRYONIC SKELETAL MUSCLE DEVELOPMENT

In order for proper embryonic growth and development to occur, cells need to be able
to make decisions regarding the choice of lineage commitment, proliferation, differentiation
and death. These decisions are regulated by a complex spatial and temporal network of
transcription factors and signalling molecules which regulate all embryonic patterning
processes.

The process of embryonic skeletal muscle formation begins during gastrulation,
which marks the transition from a simple, not very highly organized group of cells to a more
complex, multilayered embryo with three distinguishable germ layers, the endoderm,
mesoderm and ectoderm (115). At this stage, highly coordinated movements control the
invagination of cells through the primitive streak. Cells which migrate medially along the
anterior-posterior axis are patterned to become paraxial mesoderm, while cells that travel
further along the medial axis become lateral plate mesoderm, a source for blood, cardiac and
vascular derivatives (190)

As the primitive streak regresses, the paraxial mesoderm is further patterned into
somites, which are blocks of segmented mesoderm that form symmetrically on each side of
the neural tube (Figure 1.1, A). Somitogenesis proceeds in a rostral-caudal fashion and is
regulated by a “clock-wavefront” model, originally proposed more than thirty years ago, in
which a clock sets the pace for somite formation and a wave of maturation of the pre-somitic
mesoderm (PSM) (48). It was later discovered that one function of the Notch and Wnt
signalling pathways is to control the cyclic expression of genes during somitogenesis,
oscillations of which renders cells competent to respond to the wave of determination that

establishes boundaries between somites. The wave of determination consists of a gradient of
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Figure 1.1 — Vertebrate somitogenesis. Panel A: Scanning electron micrograph depicting
the anterior to posterior segmentation of the paraxial mesoderm into symmetrical pairs of
somites flanking the neural tube. Copyright: Gilbert S.F., Developmental Biology 6" ed,
2000, Figure 14.3. Panel B: Schematic depiction of the somite segmentation process in
vertebrates. The paraxial (pre-somitic) mesoderm is segmented in an anterior (rostral) to
posterior (caudal) fashion, forming ball-like structures along the neural tube/notochord.
Secreted factors from the surrounding tissues provide signals for the further patterning of the
somite into the ventral sclerotome and the dorsal dermomyotome. Cells migrating first from
the dorsomedial lip, followed by migration from all four borders of the dermomyotome,
populate the myotome, located under the dermomyotome, forming a continuous sheet of
epaxial and hypaxial muscle. Adapted from reference (30) with permission from Wiley
InterScience © 2003.
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fibroblast growth factor 8 (Fgf8) signalling, which decreases in a caudal-rostral manner, and
an antagonistically expressed gradient of retinoic acid. When Fgf8 levels decrease below a
certain threshold, PSM cells are now competent to respond to the signals from the clock, thus
forming segmental boundaries (reviewed in 53).

Following segmentation, the differentiation of epithelial somites into the
dermomyotome (DM) and the myotome compartments are influenced by signals such as Wnt
and Shh emanating from the surrounding embryonic tissues, including the notochord, neural
tube and overlying ectoderm (reviewed in (30) (Figure 1.1, B). The DM is the dorsal
compartment of the somite which gives rise to muscles of the trunk, while the sclerotome is
the ventral portion of the somite which eventually separates to give rise to the bones of the
axial skeleton. Wnt and Sonic hedgehog (Shh) signalling results in the DM-specific
expression of transcription factors such as Pax3, Pax7, Meox1 and Gli2, which characterize
the muscle precursor population. These transcription factors in turn regulate the expression
of the myogenic regulatory factors (MRFs), genes which control differentiation and confer
onto the cell its myogenic identity (reviewed in 30). The molecular events involved in
muscle development are summarized in Figure 1.2. Cells from the DM migrate to form the
myotome, the site of the first fully differentiated embryonic myocyte. It is now accepted that
the myotome is generated in two steps, primary and secondary myotome formation, the first
of which involves migration of cells from the DM to the underlying layer. Using
electroporation of a GFP-reporter, Gros et al have demonstrated that the first phase of
primary myotome formation involves the migration of cells through the dorsomedial lip
(DML), followed by elongation of the cells across the rostral caudal borders of the somite,
As new myoblasts come through the DML, they displace the older myocytes. During the

second phase of primary myotome formation, cells from all four borders of the DM migrate
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Figure 1.2 — The molecular regulation of skeletal muscle development. This drawing is a
schematic representation of the series of events involved in patterning the mesoderm into

skeletal muscle. The important transcription factors and muscle structural genes have been
identified on this diagram.
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to the myotome and elongate along the anterior-posterior axis of the compartment (73).
Formation of the secondary myotome, which gives rise to the bulk of the body-wall muscles,
involves the proliferation and differentiation of muscle progenitors, which migrate directly
from the DM into the myotome (73, 169).

Numerous studies have been performed to date with the aim of identifying families of
transcription factors which regulate the process of muscle differentiation. Although much is
known about the transcriptional networks regulating myogenesis, the mechanisms which
regulate the expression of these genes still remain unclear. The following sections provide
an overview of our current knowledge of myogenesis, and highlight the questions which still

need to be addressed.

1.2 — TRANSCRIPTIONAL REGULATION OF SKELETAL MYOGENESIS

1.2.1 — The Myogenic Regulatory Factors

The myogenic regulatory factors (MRFs) make up a family of conserved basic helix-
loop-helix (bHLH) transcription factors which are central to the acquisition of myogenic
identity and differentiation into skeletal muscle tissue (217). These include MyoD (Myf3)
(51), Myf5 (24), Myogenin (Myf1) (55) and MRF4 (Myf6/Herculin) (23, 134).

The MRFs are expressed in a sequential manner during embryonic development.
Myf5, the first to be expressed, localizes to the DML of the epaxial domain in E8.0 embryos,
followed by expression of Myogenin at E8.5 (154, 186). MRF4 expression is detected in the
myotome from E9.0 to E12.0, after which it is repressed until after birth (84). MyoD is

expressed at E10.5, most prominently in the hypaxial domain of the DM (96, 186).
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The importance of the MRFs in imparting myogenic potential to cells became evident
following experiments in which the MRFs were introduced into non-muscle cell types.
Forced expression of MyoD leads to the conversion of other cell types into muscle, most
likely by chromatin remodeling at muscle-specific loci (46, 51). MyoD interacts with Brgl,
the ATPase subunit of the SWI/SNF chromatin remodeling enzyme (52), as well as PCAF
and p300 which acetylate histone DNA, as well as MyoD and are needed for myogenic
conversion of non-muscle cell types (162, 185). In addition, MyoD can interact with
HDACI, preventing premature differentiation of myoblasts (120).

Inactivation of MRF expression in mice has revealed a complex hierarchical
relationship between the four transcription factors MyoD, Myf5, Myogenin and MRF4.
Mice null for MyoD do not display any gross muscle defect, but do upregulate the expression
of Myf5 and display delayed hypaxial myogenesis, whereas epaxial myogenesis is
unaffected (96, 178). Targeted mutation of the Myf5S allele in mice does not affect
myogenesis, however, rib abnormalities are observed (25). Closer examination of Mny'/ )
mice revealed a delay in epaxial myogenesis, while limb muscle development was normal
(96). Genetic ablation of both MyoD and Myf5 results in the absence of skeletal myoblasts
and muscles (180). Taken together, these observations suggest that while MyoD and Myf5
may have redundant functions during myogenesis, they also each have distinct roles in
regulating hypaxial and epaxial muscle formation. Insertion of Myogenin into the Myf5
locus in Myf5'/'/MyoD'/ " mice rescued the rib defects, but did not restore myogenesis,
suggesting that Myf5 action is required early during differentiation (213, 214). In addition,
expression of MRF4 in MyoD/Myf5 double mutant mice was sufficient to rescue myoblast
determination, suggesting that MRF4 is involved in the early steps of myogenesis (99).

Further characterization of MRF mutant animals revealed that MRF4” mutant embryos
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undergo apparently normal skeletal myogenesis (157), while Myogenin” mutants display
inhibition of muscle differentiation, despite the continued expression of MyoD (79, 146).
Therefore, Myogenin appears to function downstream of Myf5 and MyoD to activate muscle
gene expression. Also, MRF4, but not Myf5S, was able to rescue skeletal myogenesis in the
absence of Myogenin, implying that in addition to its involvement in myoblast
determination, MRF4 is also able to regulate differentiation (232). This analysis of MRF
mutants has revealed the existence of two classes of MRF: the primary MRFs, Myf5 and
MyoD, which are involved in myogenic determination, and the secondary MRFs, MRF4 and

Myogenin, which mainly regulate differentiation.

1.2.2 — Pax3 and Pax7

Pax3 belongs to the Pax gene family which encodes a group of nine proteins in
mammals (106). The Pax3 protein is comprised of an octapeptide motif, a homeodomain
and a paired domain which is essential for sequence-specific DNA binding (41, 70). The
Pax3 protein sequence is highly conserved among vertebrates, with the chick and mouse
sharing 97% similarity at the amino acid level (69). In addition to a highly conserved protein
sequence, the mouse and chick homologs of Pax3 also display a remarkable degree of
similarity in expression patterns and protein function. In mice, Pax3 transcripts are initially
transcribed in the PSM and are expressed throughout the entire epithelial somite prior to
being restricted to the lateral domain of the DM (15, 70). Similarly to mouse embryogenesis,
Pax3 is detected in the chick somite, and as the epithelial somites detach from the segmental
plate, Pax3 expression becomes restricted to the dorsal area of the somite, which will become
the future DM (68, 221). Pax7, which is closely related to Pax3, is also expressed in the DM,

however its expression is higher in the medial compartment of the DM compared to Pax3
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which is predominantly expressed in the lateral portion (68, 95). The role of Pax3 during
skeletal muscle development in the embryo has been extensively characterized by examining
embryos in which Pax3 function or expression has been altered. Several studies performed
using Splotch (Sp) mutant mice, in which mutations result in the expression of a non-
functional Pax3 protein, have identified a pivotal role for Pax3 in regulating the migration of
limb muscle precursor cells. In these animals, limb muscles fail to differentiate due to the
lack of migration of the presumptive limb muscle precursor cells from the hypaxial myotome
(15, 50, 67). Replacement of one Pax3 allele with a dominant-negative form of Pax3
(Pax3/EnR), results in a milder phenotype than that generated by the complete loss of Pax3
function. In these animals, there is partial preservation of the hypaxial somite, but the
expression of Myf5 is compromised. These experiments led to the identification of a binding
site within the Myf5 enhancer which is occupied by Pax3 and is needed for proper Myf5
expression in the developing hypaxial somite (4). In addition to regulating the formation of
limb muscle precursors, Pax3 is involved in the generation of the deep-back muscles which
are derived from the medial-half of the somite. In mice null for both Myf5 and Pax3, epaxial
myogenesis is completely ablated and there is no detectable expression of MyoD in the trunk
or limbs, indicating that the muscle precursor population is absent in these mutants.
Similarly, MyoD is absent in the hypaxial somites and severely impaired in the epaxial
somite of Sp mice (19). These results indicate that Pax3 is required for the activation of
MyoD (200). Pax7 mutants show no overt embryonic skeletal muscle defect, while

mutations in Pax3 result in the loss of the hypaxial DM structure. Loss of both Pax3 and
Pax7 results in a more severe phenotype than the one observed for the single mutants. In
these double-null animals, the skeletal muscles of the trunk are severely compromised and

the muscle progenitors undergo continued apoptosis as development proceeds (169).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Recently, several groups have identified a novel population of Pax3*/Pax7" cells
derived from the central domain of the DM, which continue to proliferate and persist
throughout embryonic development (9, 73, 100, 169). These Pax3"/Pax7" cells are a source
of resident muscle progenitor cells for embryonic and fetal myogenesis, as well as satellite
cells which regulate post-natal and adult myogenesis (73, 169). The presence of Pax3 and
Pax7 in this cell population is important for conferring the myogenic potential of the muscle
progenitors: in the absence of both Pax genes, these cells do not undergo myogenesis (169).
Studies have identified a role for both Pax3 and Pax7 in the specification of satellite cells
(168, 188). Mice harboring dominant-negative forms of Pax3 (Pax3/EnR) and Pax7
(Pax7/EnR) exhibit downregulation of MyoD, but not Myf5, suggesting that in adult satellite
cells, Pax3/7 regulate myogenesis via a MyoD-dependent pathway (168). Together, the
studies reviewed here indicate that Pax3/7 contributes to embryonic and fetal myogenesis as

well as to muscle regeneration in the adult.

1.2.3 — Meox1

Meox1 and Meox2 (formerly Mox-1 and Mox-2) belong to the large family of
homeodomain transcription factors which regulate a variety of developmental processes.
Both Meox1 and Meox2 were first isolated in mouse by screening an E8.5 cDNA library
using a fragment of endoderm-specific frog homeobox gene (34). Since then, Meox1 and
Meox2 homologs have been cloned and characterized in human, chick and zebrafish (36, 60,
66, 71, 148, 166). Meox1 and Meox2 most likely originated from a single ancestral gene: in
fact, the cloning and characterization of a prototypical Meox gene in the cephalochordate
Amphioxus (the closest living relative to vertebrates), revealed 85-90% similarity in the

homeobox with vertebrate Meox genes (135). In addition to sharing highly conserved
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sequence homology, Meoxl and Meox2 expression patterns and gene function are also
highly conserved in all organisms studied to date. In mice, Meoxl1 is first detected in the
presumptive paraxial mesoderm on embryonic day 7.0, which coincides with gastrulation.
As development proceeds, Meox1 transcripts are expressed throughout the entire epithelial
somite and, eventually, its expression is restricted to the dermomyotome and the sclerotome.
By E11.5, Meox1 is no longer detected in the myotome compartment, suggesting that
downregulation of the gene must occur for differentiation to proceed (34, 35). The onset of
Meox2 expression, however, is detected at a later stage than that of Meoxl. Meox2
transcripts are not observed in the pre-somitic mesoderm, but rather, are first detected at the
same time as the onset of somite epithelialization (167). In contrast to Meox] whose
expression decreases as somites mature, Meox2 is maintained at high levels in differentiating
somites (167). In addition, Meox2, but not Meoxl1, is detected at the level of the limb buds,
suggesting a role for Meox2 in the development of limb muscle (122). A significant
understanding of Meox gene function has been elucidated from the study of single and
double homozygous null mice. Meox1 null mice display no apparent defects in skeletal
myogenesis, although they possess significant abnormalities of the axial skeleton including
rib, vertebral and craniovertebral fusions (122). An important role for Meox2 in the
regulation of limb muscle formation has been discovered by studying the phenotype of
Meox2"" mice. These mice display an overall reduction in limb muscle mass, yet no major
defects in body wall musculature was observed. Furthermore, the loss of Meox2 led to a

decrease in Pax3 expression in myoblasts delaminating from the DM, and a selective
reduction of Myf5 positive cells in the limbs, but not in the trunk (122). Embryos null for

both Meox1 and Meox2 alleles display a severe depletion of hypaxial and epaxial muscles,
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suggesting that the combined function of both Meox gene products is essential for normal

formation of the dermomyotome (123).

1.2.4 - Foxcl

The high complexity of transcriptional regulation of gene expression is achieved in
part by the large diversity in DNA binding motifs. One such motif, the one hundred amino
acid “winged-helix” domain mediates the DNA binding properties of over one hundred
proteins in species ranging from mouse to man (26, 102). Foxcl and Foxc2 are two closely
related members of the forkhead family of winged-helix proteins. Fox family members bind
DNA as monomers inducing a dramatic bend (80-90 degrees) in the DNA (161). Target
DNA sequences are usually comprised of a seven nucleotide core RYMAAYA (R=A or G,
Y=C or T, M=A or C). However, this corc sequence is not sufficient for high affinity
binding, but also depends on flanking sequences on both sides of the core (103). Some
groups of forkhead proteins have nearly identical DNA binding domains. They are so
similar in fact that the specificities might be assumed to be the same. One example is Foxcl
and Foxc2 which share 97% amino acid homology in the forkhead domain (109). Foxcl and
Foxc2 are dynamically expressed in an overlapping pattern in the mesenchymal and
endothelial cells of the heart and branchial arches as well as in the paraxial mesoderm and
somites (83, 97, 136, 225). Mice lacking either Foxcl or Foxc2 die pre- and peri-natally and
display mild ocular, skeletal and cardiovascular defects (87, 90, 109, 225), whereas Foxcl”
/Foxc2™ double mutants display a more complex array of developmental defects. These
include cardiovascular defects such as a smaller heart and a drastic disorganization of blood
vessels, a complete lack of epithelial somites and segmented paraxial mesoderm. Further

analysis of these double null mutant mice revealed that the defect is due to the medial
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expansion of the intermediate mesoderm at the expense of paraxial mesoderm, suggesting
that a loss of Foxc function leads to the increased lateralization of the tissue observed. In
support of this hypothesis, ectopic expression of either Foxcl or Foxc2, in a region of the
chick primitive streak fated to form intermediate mesoderm, is sufficient to induce the
expression of the somite markers Paraxis and Pax7 (222). Therefore, it appears that Foxcl
and Foxc2 are not only necessary, but also sufficient, to promote paraxial mesoderm cell fate

at the expense of other tissues.

1.2.5 — Sox transcription factors

Sox genes are a subgroup of the HMG-box superfamily (111).  Proteins are
designated to the SOX family if their 79 aa HMG domain contains more than 50% similarity
to the HMG domain of Sry, the testis determining factor (111, 147). Sry, the gene
responsible for male differentiation on the Y-chromosome, was the first Sox family member
identified (74, 192). The 20 known Sox genes in mice/human can be further subdivided into
8 groups (A-H) and two subgroups (Bl and B2) which display 70-95% homology in the
HMG domain within groups (187). The evolutionarily conserved HMG motif mediates
binding to specific DNA sequences [(A/T)(A/T)CAA(A/T)G] of the minor groove and
induces dramatic bending, exposing the major groove of the double helix (47, 58, 78, 118).
Given its ability to induce large conformational changes in the target DNA structure, it has
been proposed that Sox genes might act as architectural proteins by organizing the local
chromatin structure and assembling transcription factors into large, multi-protein complexes

(218, 226) (Figure 1.3). Sox genes are ubiquitously expressed in most cell types and tissues
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Figure 1.3 — A model for the action of Sox transcription factors. Sox transcription factors
may function by interacting with partner proteins which bind adjacent sites in the
promoter/enhancer regions of target genes. This interaction could serve to stabilize binding
of the transcription factor complex to the DNA. The tissue-specific expression of the Sox
interacting protein may contribute to the specificity of gene regulation by the same Sox in
different cell types. Reprinted from reference (223) with permission from Elsevier © 2002.
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and are involved in many developmental processes including sex determination, neural
development, lens development, chondrogenesis and haematopoiesis (215). It appears that
specificity is dependent on the interaction of Sox transcription factors with tissue-specific co-
factors (98).

Sox15, and its human homolog SOX20, belong to the G-subgroup of HMG-box
transcription factors (187, 210). Mouse Sox15 was initially identified in a screen for genes
which were differentially expressed in C2C12 myoblasts and myocytes. Sox15 is
ubiquitously expressed in adult tissue, but is most abundant in brain and skeletal muscle (10,
113). Sox15 transcripts can also be detected by RT-PCR in whole E8.5 embryos, as well as
in ES cells and mouse primary myoblasts (10, 113, 126). Overexpression of Sox15 in the
C2C12 myoblast cell line inhibits myogenic differentiation, as demonstrated by the absence
of MyoD and Myogenin-positive cells. Sox15 is also able to antagonize activation of the
muscle creatine kinase (MCK) promoter in C2C12 cells, while ectopic expression in Swiss
3T3 cells is not sufficient to induce expression of MyoD, Myf5 or Myosin Heavy Chain.
This suggests that Sox15 may act as a negative regulator of myoblast differentiation (10,
113). Mice null for Sox15 are viable and show no gross anatomical defects or differences in
skeletal muscle mass. However, these mice do display attenuated muscle regeneration
following crush injury to the tibialis anterior as well as an 80% reduction in the number of
satellite cells, compared to wild type litter mates (113, 131). Consistent with a role in
regulating muscle precursor and satellite cell fate, Sox15 has been shown to bind the Foxkl
gene in C2C12 cells and regulate its expression. A role for Foxkl has been demonstrated in
regulating the cell cycle of muscle precursor cells (62, 80). Furthermore, targeted
knockdown of Sox15 using RNAI in a myoblast cell line reveal that Sox15 is crucial for

maintaining cellular proliferation and promoting proper cell cycle kinetics (131). Taken
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together, these studies highlight an important role for Sox15 in regulating muscle precursor
cell fate, although the exact mechanisms by which this is achieved are not yet fully
understood.

Sox7 belongs to the F-group of the Sox family, along with Sox17 and Sox18 (187).
Sox7 homologs have been isolated and identified in mice, humans, xenopus and zebrafish
(101, 201, 203). Studies performed using the F9 EC cell model have implicated Sox7 in the
regulation of parietal endoderm differentiation. In this cell system, Sox7 regulates
endodermal cell fate via the induction of GATA4, GATAG6, and Fgf3 activation (59, 145).
Recent studies using human embryonic stem cells (hES) have shown that stable expression
of Sox7 is sufficient to induce the formation of endoderm progenitor cells (189). Sox7 has
also been implicated in regulating cardiogenesis and vascular development by controlling
arteriovenous specification in Xenopus and zebrafish (40, 82, 158). The onset of Sox7
transcription can be detected in the somite of mice as early as E7.5-8.0, suggestive of a role
in cell fate specification (201). Studies in Xenopus have shown that xSox7, as well as
inducing endodermal derivatives, can also induce the expression of mesoderm by regulating
expression of the Xnrl1-6 and Mixer genes (230). Therefore, we hypothesize that Sox7 may
be involved in regulating mesodermal cell fate during embryogenesis, and more specifically,

during myogenesis.

1.3 — SIGNALLING MOLECULES THAT REGULATE MYOGENESIS

1.3.1 - Shh
In mammals, the hedgehog family of signalling molecules is composed of three

members: Sonic hedgehog (Shh), Desert hedgehog (Dhh) and Indian hedgehog (Ihh).
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Hedgehogs signal by binding to the cell-surface receptor Patched-1 (Ptchl) (124). In the
absence of ligand, Ptchl inhibits the transmembrane protein Smoothened (Smo), which
results in the retention of Gli2 and Gli3 in the cytoplasm. It is believed that Gli2 is degraded
under certain cellular contexts, but also functions as a repressor of Hh-target genes (13, 130).
Gli3 on the other hand is partially cleaved by removal of its activation domain, which allows
it to accumulate in the nucleus where it functions as a transcriptional repressor (212).
Binding of Shh to its receptor relieves Smo inhibition, leading to the activation of the Gli
transcription factors, which include the activators Glil/2 and the repressor Gli3. Activated
Gli proteins then accumulate in the nucleus where they can regulate gene expression
(reviewed in 92) (Figure 1.4). Shh is expressed in several tissues during embryonic
development, most notably in the notochord, floor plate of the neural tube and the limb bud
(94, 125).

During development, signals from the axial structures (notochord and neural tube) are
required to induce myogenesis in the somites. In the absence of axial structures, Shh, in
combination with Wntl or Wnt3 (see section 1.3.2), is sufficient to enhance myogenesis in
somitic tissue explants (144). Similarly, implantation of Shh beads or cells is sufficient to
induce MyoD expression in avian somites and allow muscles to develop, most likely by
regulating the survival of MyoD-expressing cells (21, 204). Myf5 has been identified as a
direct target of long-range Shh signalling through positive regulation by Gli transcription
factors (75). Shh, which is required for both Myf5 and MyoD expression, does not induce
MyoD expression in the absence of Myf5, suggesting that Myf5 is directly regulated by Gli
proteins (20). In support of this hypothesis, proper Myf5 expression is dependent on a Gli
binding site within the Myf5 epaxial enhancer (75). Further characterization of the Shh

signalling pathway reveals that Gli2 or Gli3 are required for Myf5 activation in epaxial
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Figure 1.4 — Mechanism of Shh signaling. In the absence of Shh ligand, the Ptch receptor
inhibits Smo, which leads to the degradation and/or cleavage of Gli transcription factors.
Under these circumstances, some Gli family members can accumulate in the nucleus and
negatively regulate the transcription of Shh-target genes (Panel I). Upon binding of Shh to
its receptor Ptch, Smo inhibition is relieved, and Gli transcription factors accumulate in the
nucleus to direct the activation of Shh-responsive genes (Panel II).
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muscle progenitors, whereas Gli3 represses Myf5 expression in the absence of Shh ligand.
Furthermore, Gli2”/Gli3™ double mutant mice display mispatterning of the hypaxial and
myotomal genes (130). Taken together, these observations suggest that Gli2 and Gli3 have
both positive and negative roles in regulating Myf5 activation. Therefore, Shh secreted from
the axial midline is an essential morphogen responsible for the acquisition of myogenic cell

fate.

1.3.2 - Wnt

The name Wnt is derived from a combination of wingless (Wg), a Drosophila
segment polarity gene, and Int-1 which is the mouse homolog of wingless (5, 173). The Wnt
family, composed of nineteen mammalian Wnt homologs, is able to transduce its signals via
three separate mechanisms: the canonical signalling pathway, the planar-cell polarity

pathway (PCP) and the Wnt/Ca2+ pathway (Figure 1.5).

1.3.2.1 — Mechanisms of Wnt signalling

During canonical signalling, Wnt functions by binding to seven-pass transmembrane
cell surface receptors of the Frizzled (Fz) family (12). Recent studies have also implied that
Fz-mediated transduction of the canonical Wnt signal requires a presence of a co-receptor,
LRP5 or LRP6, which are single-pass transmembrane proteins of the low-density lipoprotein
(LDL) family (116, 216). In the absence of Wnt ligand, cytoplasmic B-catenin associates
with APC and GSK3p to form the destruction complex. In this complex, GSK3p

phosphorylates B-catenin, which then becomes ubiquitinated and targeted for degradation via
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Figure 1.5 — Mechanisms of Wnt signal transduction. The Wnt signal can be propagated
via three distinct mechanisms. (A) Activation of the canonical Wnt pathway leads to the
accumulation of B-catenin in the nucleus, which positively regulates transcription of Wnt-
target genes. (B) The planar cell polarity pathway (or INK pathway) results in the activation
JNK by the action of small GTPases. (C) The Ca®* pathway is activated by PI-dependent
release of intracellular calcium, which regulates the activity of enzymes such as PKC and
CamKII and leads to the modulation of gene expression in the nucleus. Reproduced from
reference (63) with permission from Elsevier © 2008.
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the proteosome. Engagement of Fz by the Wnt ligand results in the inhibition of GSK3f and
leads to the hypophosphorylation of -catenin which accumulates in the cytoplasm and is
translocated to the nucleus (reviewed in 153). In the absence of nuclear B-catenin, the T-cell
specific transcription factor/lymphoid enhancer binding factor 1 (TCF/LEF) family of
transcription factors binds DNA, along with Groucho and histone deacetylases (HDACs) to
form a repressive complex. This complex, via the action of chromatin remodeling, blocks
transcription of Wnt target genes (39, 44). Once in the nucleus, B-catenin replaces Groucho
and converts the group of proteins into an activation complex which includes CBP/p300 and
the chromatin remodeling enzyme Brgl (81, 202). This complex, containing TCF/LEF and

B-catenin can now induce the transcription of Wnt target genes (28, 137). Wnt signalling

may also be transmitted in a B-catenin-independent fashion, often referred to as non-
canonical Wnt pathways. One of these pathways, the Wnt/Ca?* pathway, is thought to
function through the release of intracellular Ca?*, which activates Ca’* sensitive enzymes
such as Ca2+-calmodulin-dependent protein kinase II (CamKII) and PKC (108, 191, 196). It
has been proposed that the release of Ca®* is dependent on G-protein linked
phosphotidylinositol (PI) signaling (108, 191, 196). The second of these non-canonical
pathways is often referred to as the planar cell polarity (PCP) pathway, which is involved in
controlling cell polarity, apoptosis and asymmetrical cell divisions via the activation of JNK
(22, 117) It has been proposed that the activation of JNK in this pathway is mediated by the

Rho family of GTPases (14).
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1.3.2.2 — Wnt signalling and mesodermal patterning

The expression profile of Frz receptors and Wnt ligands have been extensively
characterized during embryogenesis, particularly in tissues involved in the formation of
skeletal muscle. Fzl, Fz2, Fz6, Fz7 are expressed in newly formed somites, whereas Fz9 is
only detectable at later stages in the myotome of E10.5 embryos (17, 38), implying a role for
Wnt signalling during muscle development. In addition, mice harboring a spontaneous
mutation in Lrp6, a Wnt co-receptor, display defects in the establishment of somite
compartments, in somite epithelialization and in the formation of somite segmental borders
(107). Wntl,-3a and -4 are expressed in the dorsal half of the neural tube as epaxial
myogenesis begins, which is consistent with the idea that known myogenic signals are
derived from the axial midline structures (38, 86, 143, 156, 164). Mice null for Wnt3a lack
caudal somites, have a disrupted notochord and fail to form a tailbud (229). Thus, it appears
as though Wnt signalling is required very early on to regulate the fate of the paraxial
mesoderm. Consistent with this, implantation of Wntl,-3a,-4-secreting cells in the chick
embryo enhances the expression of Paraxis, a gene required for somites to undergo
epithelialization (32, 211). It has been proposed that Wnt3a acts to establish a gradient
which controls segmentation of the PSM (3, 174). Knockout of Wnt3a in mice reveals that
canonical Wnt signalling is involved in regulating the segmental clock by controlling the
oscillation of Axin2 and lunatic fringe (Lnfg). Both Axin2 and Lnfg oscillations are
disturbed in Wnt3a mutants, whereas the control of Axin2 expression is undisturbed in Notch
signalling mutants, suggesting that Wnt signalling acts upstream of Notch-regulated cyclic
genes (3, 163). B-catenin has also been shown to directly regulate DII1, a Notch ligand,

linking the Wnt and Notch signalling pathways together (61, 85).
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1.3.2.3 — Wnt signalling and the establishment of myogenic identity

In addition to its role in specifying paraxial mesoderm cell fate, Wnt signalling also
contributes to the patterning of the somite compartments. Ectopic expression in chick of
Whntl,-3a,-4, or the downstream effector activated B-catenin, results in the expansion of the
epaxial muscle domain at the expense of the sclerotome, and expression of the DM markers
Pax3 and Pax7 (37, 57, 155, 211). Mice null for both Wntl and Wnt3a show a loss of the
medial compartment of the dermomyotome and reduction of Pax3 and Myf5 expression (91).
Whnt6 can replace the dorsal ectoderm, a known source of pro-myogenic signal, and regulate
the expression of Pax3 and Pax7 in the developing somite (155). The expression of other
somite factors, such as Gli2, is also regulated by Wnt signalling. Studies in quail reveal that
f-catenin activates somite-specific expression of Gli2, thus providing a link between the Wnt
signalling pathway and the Shh pathway, both of which are responsible for Gli2 expression
during somite patterning (18).

Whnt signals have also been implicated in the regulation of MRF expression during
embryogenesis. Paraxial mesoderm explant studies reveal that Wntl signalling from the
dorsal neural tube preferentially activates Myf5 expression, while Wnt6/7a signals from the
dorsal ectoderm activate MyoD, suggesting that epaxial and hypaxial myogenesis can be
differentially regulated by Wnt signalling (199). Blocking Wnt signals in the somite results
in decreased Myf5 expression in the muscle progenitors of the epaxial domain, whereas the
introduction of an activated B-catenin is sufficient to upregulate Myf5 expression in the
somites (16). The spatiotemporal expression of Myf5 in the epaxial somite is dependent on
the presence of TCF/LEF sequences in the 5° Myf5 early epaxial enhancer (16). So far, the

majority of studies have focused on exploring the role of the canonical Wnt signalling
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pathway in regulating the process of embryonic muscle development. Recently, two studies
have identified B-catenin independent pathways of Wnt-directed myogenic gene expression.
In PSM explants, modulation of Pax3 expression by PKC leads to the expression of MyoD,
even in the absence of activated B-catenin and Myf5 (27). Adenylyl cyclase (AC) signalling
via protein kinase A (PKA) and its downstream effector CREB has also been shown to

mediate the activation of Myf5 and MyoD by Wnt1/7a (43).

1.3.3 — Retinoic acid

1.3.3.1 — RA Synthesis and Metabolism

Retinoic acid (RA), the active derivative of Vitamin A, is needed to regulate major
embryonic growth and patterning decisions (reviewed in 150). Retinol, which is supplied
maternally during embryogenesis, is taken up by the retinol binding protein 4 (RBP4), which
is expressed from the pre-gastrulation stage. RBP4 then binds the cell-surface receptor
Stra6, which was very recently identified in a screen for RA-regulated genes (104). Once
inside the cell, RA synthesis from retinol, which is bound to the cellular retinol binding
protein (CRBP) is under the control of the canonical pathway for RA synthesis, which is
comprised of two steps (Figure 1.6). During the first step of synthesis, retinol is converted to
retinaldehyde by the Alcohol Dehydrogenase (ADH) and Retinol Dehydrogenase (RDH)
families of enzymes. Gene knockout studies have shown that the absence of RDH10 mimics
the phenotypes observed in cases of RA-deficiency (33, 184). Low levels of RA synthesis
are still detected in these tissues, suggesting that other enzymes, such as ADH7, can

contribute to the regulation of RA synthesis (139, 184). The final step in the pathway
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Figure 1.6 — RA synthesis: a two-step process. Circulating retinol is bound by the retinol-
binding protein RBP4, which interacts with the retinol receptor Stra6, and leads to the
internalization of retinol. Once inside the cell, retinol undergoes conversion to retinaldehyde
by the action of members of the ADH or RDH family of enzymes. The next step in RA
production involves the oxidation or retinaldehyde to retinoic acid, mainly through the action
of the RALDH class of enzymes. RA is now free to bind its receptor, and translocate to the
nucleus where it regulates gene expression. Reproduced from reference (150) with
permission from Macmillan Publishers Ltd © 2008.
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involves the oxidation of retinaldehyde to RA, which is mediated by the Retinaldehyde
dehydrogenase (Raldh) class of enzymes. There are three Raldh family members, Raldhl,-
2,-3. Raldh2, the first to be expressed, can be detected in the primitive streak, the
mesodermal cells during gastrulation, and later becomes restricted to the posterior embryonic
trunk region. Raldh2 is also detectable at the future cervical and trunk levels following
differentiation (151). Mice which carry null alleles for Raldh2 die pre- and peri-natally and
display defect affecting the forebrain, hindbrain, heart, limbs and somites (132, 133, 152,
170, 193, 206). Examination of Raldhl and Raldh3 knockout mice suggests that these two
enzymes function at later stages of embryogenesis, mainly during eye and nasal development
(54, 127, 140).

RA metabolism represents an additional level of control for regulating local RA
action. The three members of the cytochrome P450 26 A (CYP26A) enzymes, Cyp26al,-bl
and —c1 are expressed in a wide variety of embryonic tissues, including the primitive streak
and posterior mesoderm (Cyp26al), the hindbrain (Cyp26bl-cl) and the limb buds
(Cyp26b1) (119, 198). It has been proposed that the main role of the CYP264 gene products
is to remove bioactive RA from tissues by metabolizing RA into the derivatives 4-OH RA
and 4-oxo RA, thus regulating RA signalling (149, 220). In support of this hypothesis, mice
lacking functional Cyp26al and Cyp26bl display developmental abnormalities that

phenocopy those of excess RA exposure (1, 182, 227).

1.3.3.2 — Mechanisms of RA signalling

RA exerts its signalling effects by binding to the retinoic acid receptor (RAR), which
exists in three types (a.,B,y). The RARs are ligand-inducible transcriptional activators which

act as heterodimers with the retinoid X receptors (RXR), of which there are three types as
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well (a,B,y) (42, 65, 72, 121, 138). RAR/RXR heterodimers normally bind to retinoic acid
response elements (RARESs) in the absence of ligand, and recruit co-repressors (Figure 1.7).
These co-repressors mediate their effects by recruiting HDACs and methyl-transferase
complexes to the DNA, so that it becomes inaccessible for transcription (45, 88, 89). RA
binding to RAR induces a conformational change in the RAR-ligand binding domain which
results in the release to co-repressors and the recruitment of transcriptional activators (112,
114, 209, 219). There have been hundreds of genes reported to be induced by RA, either
directly or indirectly. This diverse repertoire of target genes nicely demonstrate the broad
spectrum of effects exerted by RA during embryogenesis and underscore the extent of
pleiotropic roles it adopts in vivo. In the following section, we will discuss in further details

the role of RA in regulating mesodermal patterning.

1.3.3.3 — RA and mesodermal patterning

Due to the availability of model organisms in which RA synthesis has been
pharmacologically or genetically inhibited, it has become clear that RA plays an important
role in regulating segmental patterning during embryogenesis, particularly in establishing the
bilateral symmetry of somite pairs. Raldh2, expressed in the rostral presomitic mesoderm, is
expressed in an antagonistic pattern to Fgf8, which is detected in a caudal to rostral gradient
(181, 206). It has been proposed that the functional antagonism between Fgf8 and RA
establishes the proper signals for body axis extension (181). Loss of RA signalling leads to
the formation of only a few somite pairs before somitogenesis proceeds in an uncoordinated
manner along the left and right sides, resulting in one side with fewer somites than the other
(105, 193, 206, 207). This is thought to occur because of the anteriorization of the FGF8

caudal gradient, as well as the asymmetric expression of Hes7 and Lnfg which are required
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Figure 1.7 — Mechanisms of RA action. In the absence of ligand, the RAR/RXR
heterodimer binds to the RAREs within the promoter/enhancer regions of target genes.
Unliganded RARS recruit co-repressors which mediate their negative transcriptional effects
by recruiting chromatin remodeling enzymes such as methyltransferases and histone
deacetylases, which render the chromatin inaccessible for transcription. Binding of RA
causes a conformational change in the RAR ligand-binding domain which results in the
release of co-repressors and the recruitment of PCAF and p300. These co-activators induce
changes in the local chromatin architecture which now renders it accessible to the basal
transcriptional machinery, thus allowing the expression of RA target genes. Reproduced
from reference (150) with permission from Macmillan Publishers Ltd © 2008.
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to control the oscillating cycles of Notch expression that set up the somite boundaries (105,
206, 207). Therefore, RA appears to act as a buffer to prevent left-right asymmetry from
occurring in the pre-somitic mesoderm, maintaining the bilateral symmetry observed during

somitogenesis in mouse, chick and zebrafish.

1.3.3.4 — RA and the myogenic identity

Once the identity of the somitic compartments have been established, RA is still
required for the regulation of genes involved in myogenic differentiation. Inhibition of RA
synthesis in zebrafish using the chemical inhibitor DEAB results in a reduction of MyoD,
Myogenin and fast myosin expression in somites. The addition of exogenous RA from the
gastrulation stage onwards increased expression of these three genes in the somites and
induced premature expression of MyoD and Myf5 in the PSM (77). Furthermore, RA is able
to enhance MyoD expression and induce myogenic differentiation in C2C12 myoblasts,

cultured chick satellite cells and limb buds (2, 76, 141).

1.4 - P19 CELLS: A MODEL OF MYOGENIC DIFFERENTIATION

Genetic analysis of animal models carrying gain-of-function or loss-of-function
mutations has been the main source of experimental evidence in the search to elucidate the
mechanisms which regulate early embryonic development. However, due to the limited
amount of material available, it is often difficult to study the events involved in the very
carly steps of development. As such, embryonal carcinoma (EC) cell lines have proven an
invaluable tool to scientists, given that large amounts of material can be obtained for analysis

and that they are relatively amenable to genetic manipulations.
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P19 cells are a stable, euploid EC cell line, which was originally derived by grafting
an E7.0 embryo into the testis of a male mouse to induce teratocarcinoma formation. After
several months, the primary tumours, which usually contain a mixture of differentiated and
undifferentiated cell types, were harvested and undifferentiated cells from one of these
tumours was used to derive the P19 EC line (129). Cultured P19 cells are able to maintain
their pluripotency following propagation in culture. Aggregated P19 cells were injected into
the inner cell mass of early-stage embryos in order to generate chimeric blastocysts. P19
cells could be detected in all tissues analyzed, including the liver, gut, brain, heart, lung,
spleen, blood and muscle, indicating that P19 cells are able to contribute to the normal
development of tissues derived from all three embryonic germ layers (177). These embryos,
however, did show signs of abnormal morphology, including large P19-cell derived tumours
in the head region (177).

P19 cells can be induced to differentiate into skeletal muscle by aggregation in plastic
dishes for four days in the presence of DMSO, followed by transfer to tissue-culture grade
dishes for an additional 5 days (179). In order for differentiation to take place, P19 cells
require both aggregation and drug-treatment, as cells grown in monolayer and exposed to
DMSO fail to form skeletal myocytes (128). Exposure to concentrations of DMSO in the
range of 0.5-1% results in approximately 5-15% of total cells which are MHC-positive
skeletal myocytes, while neuronal cell types are not detected under these culture conditions
(56, 128, 179). The mechanisms by which exposure to DMSO triggers skeletal myogenesis
are not fully understood. DMSO has been demonstrated to control the release of Ca®* from
intracellular stores, as well as contributing to the epigenetic modification at multiple loci

throughout the genome (93, 142). Unidentified factors in fetal calf serum preparations have
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also been shown to affect the extent and efficiency of P19 cell differentiation into muscle
(224).

Skeletal myocytes produced from differentiated P19 cells are physiologically similar
to embryonic tissue, such that both cell types express isoforms of muscle sarcomeric
proteins, including MHC and cardiac alpha-actin as well as the MRFs (194, 195). The
following section aims to provide an overview of the advances made in elucidating the
regulatory mechanisms governing muscle development using P19 EC cells.

The temporal expression patterns of genes examined to date in differentiating P19
cells recapitulates the order of expression observed in the mouse embryo, beginning with the
onset of Brachyury-T (T) expression, which is involved in mesoderm formation (8). As
embryonic development progresses, the mesoderm is further patterned into somites, which
serves as the source of muscle precursor cells (reviewed in 29). During DMSO-induced
differentiation of P19 cells, T expression (208), which can be detected as early as day 1, is
followed by the onset of Pax3, Meox1, Gli2, Six1 and Eyal (171, 172), transcription factors
which are expressed in the dermomyotome of the somite (reviewed in (31). Finally, a few
days later, we can detect MyoD, Myf5 and Myogenin expression (171, 172). Thus, P19 cells
are able to provide information about the regulatory mechanisms controlling embryonic
development, since they are able to recapitulate the myogenic gene expression program in
vitro. Further understanding of the function and regulation of these gene products has also
been determined in P19 cells.

Several series of gain-of-function and loss-of-function experiments were performed
by targeting multiple genes known to be involved in myogenesis. Cells stably expressing
either Wnt3a, P19[Wnt3a], or an activated form of its downstream effector (-catenin have

been generated and characterized (160). Ectopic expression of either Wnt3a or the activated
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form of B-catenin is sufficient to induce the expression of Pax3, Meox1 and Gli2, as well as
MyoD and MHC. Conversely, a dominant-negative form of B-catenin abolishes expression
of these genes and prevents myogenesis from occurring, suggesting an important role for -
catenin in regulating P19 cell myogenesis (160). This approach has also been used to
identify the existence of small network regulatory motifs, such as feed-forward and
autoregulatory loops. Examination of the phenotype of P19 cell lines which stably express
Gli2, Pax3 or Meox1, as well as their dominant-negative counterparts, revealed that the three
genes act together in a regulatory loop to induce each other’s expression. Gli2 is both
sufficient and necessary for Pax3 and Meox1 expression, while ectopic expression of Meox1
is sufficient to regulate the expression of Pax3 and Gli2 (159). Furthermore, Pax3 is able to
induce the expression of Meox1 (172). Taken together, these observations suggest that all
three genes exert their function by regulating each other’s expression, revealing yet another
layer of complexity in transcriptional regulation of P19 cell differentiation. These analyses
have also revealed that Pax3 and Meox1 are able to autoregulate their own expression, as
endogenous transcripts for these two genes were lost in the presence of dominant-negative
mutants (160, 172). MRF expression can also be modulated by the presence or absence of
functional Pax3, Meox1 and Gli2. MRF and MHC expression was lost in the presence of
dominant-negative mutants of Pax3, Meox1 and Gli2, whereas only Pax3 and Gli2 were
sufficient to induce myocyte differentiation in the absence of DMSO (160, 172) (Figure 1.8).

P19 cells have also been a useful model to study the effect of signalling molecules on
the process of differentiation. In these cells, the expression of a Wnt3a construct triggers the
specification of cells to the myogenic lineage, and subsequent differentiation into bipolar

skeletal myocytes (160). Wnt3a also leads to activation of MRF
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Figure 1.8 — Transcriptional regulation of Pax3, Meoxl and Gli2 during skeletal
myogenesis in P19 cells. Using gain-of-function and loss-of-function studies, it was
discovered that Gli2, Meox1 and Pax3 act in a feed-forward loop, regulating each other’s
expression. Also, Pax3 and Meox1 are able to auto-regulate during myogenesis. These
observations underscore the complexity of the gene regulatory motifs which regulate
differentiation in P19 cells. Reproduced from reference (159) with permission from ASBMB
Journals © 2004.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o

Gli2 — Pax3

Wnt —» p-catenin —» \\ // —p MRFs

Meox1

O

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



function which causes an increase in the number of MHC-positive cells in P19[MyoD] cell
lines (171). A role has also been identified for Sonic Hedgehog (Shh) in controlling cardiac
myogenesis in P19 cells, by inducing the expression of Nkx2.5, GATA4 and Mef2c (64).
P19 cells constitutively express the retinoic receptors RARa and RARy, while RARB
transcript and protein levels are upregulated during DMSO-induced differentiation into
muscle. The observed change in RARP levels is associated with an increased sensitivity to
RA (165). Consistent with this observation, RA has been demonstrated to both positively
regulate skeletal myogenesis while inhibiting cardiac muscle development in P19 cells
(Kennedy and Skerjanc, unpublished results). In this case we see acceleration/enhancement
of Pax3, Meox1, Sox7 and MRF expression, consistent with the phenotype of precocious

differentiation observed during embryogenesis (77).

1.5 — MYOGENESIS IN MOUSE AND HUMAN EMBRYONIC STEM CELLS

Although some of the molecular events regulating skeletal muscle precursor
determination and differentiation in P19 embryonal carcinoma cells have been extensively
studied, not much progress has been made in elucidating the networks which control
differentiation in mouse (mES) and human (hES) embryonic stem cells. Stem cells are
characterized by their ability to self- renew, proliferate and retain the capacity to differentiate
into multiple different cell types. Although mES cells have been available to scientists from
the last 20 years, they have not been studied extensively for their ability to differentiate into
muscle. This may be due to the relative difficulty of obtaining sufficient amounts of skeletal
muscle in vitro, compared to the ability to examine myogenesis in knockout animal embryos.

Nevertheless, early studies have shown that the in vitro differentiation of mES cells is able to
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recapitulate the early steps of mammalian muscle development, which includes the
expression of the MRFs and calcium channels (176). Several reports have reported the
successful differentiation of mES and hES cells into muscle in culture (7, 175, 176, 231).
ES-cell derived muscle responds in a similar fashion as embryonic muscle to cues which
pattern the mesoderm and regulate differentiation. mES cells expressing m-Twist display
delayed differentiation, accompanied by a decrease in MRF expression, which is similar to
the phenotype observed in mice (175, 197). Recent studies have focused on isolating
paraxial mesoderm progenitors or skeletal muscle precursors induced from ES cells followed
by engraftment into muscle tissue in order to assess the differentiation potential of these
purified cell populations. It has been reported that ES cells injected directly into the muscles
of mice do not undergo significant or preferential myogenic differentiation, suggesting that
the alteration of gene expression induced by aggregation may be required in order for
differentiation to take place under these circumstances (205). The EB system typically used
for ES cell differentiation does not recapitulate the formation of the notochord or neural tube,
which are sources of inductive cues for paraxial mesoderm patterning. To circumvent this
deficiency, an ES cell line was engineered to express an inducible form of Pax3. As
discussed in section 1.2.2, Pax3 is expressed in the muscle progenitor cells of the embryo.
Following purification and injection of these Pax3-positive cells into the muscles of mice,
significant engraftment and functional improvement of the impaired muscle could be
observed (49). The enrichment of mesodermal and myogenic progenitors from
differentiating ES cells prior to engraftment has proven, in several studies, a successful
strategy for the regeneration and repair of dystrophic muscle tissue (6, 11, 183). The
transplantation of these more primitive cells may prove more advantageous given their high

replicative potential (183).
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1.6 — THESIS SUMMARY

The mechanisms which control the cell’s decision to proliferate or differentiate
during embryonic development are a very complex series of events that ultimately generate
the fully differentiated tissues that make up an organism. Being able to control a stem cell’s
decision to differentiate into a given tissue has enormous therapeutic potential for a wide
variety of human disorders. However, in order for stem cell therapy to become reality,
scientists must have a sound understanding of the networks and molecules which regulate the
entire process of muscle development. The initial goal of this research project was to
identify factors upstream of Pax3, a marker of the muscle precursor population. The
rationale behind this thinking was that if molecules that can enhance Pax3 expression could
be identified in vitro, cultures could be manipulated in order to enhance the number of cells
which ultimately enter the myogenic lineage.

In Chapter 2, the experiments were designed based on the hypothesis that Sox15,
which is expressed in the myoblast, but not the myocyte, plays a role in maintaining the
undifferentiated, but committed, phenotype by regulating Pax3 expression. Here we present
data that Sox15 enhances expression of muscle precursor genes, but not that of the MRFs or
MHC. Furthermore, loss of Sox15 expression/function leads to downregulation of Pax3 and
Meox1. We go on to demonstrate the Sox7 transcripts are not upregulated by Sox15, and
that Sox15 can bind regions upstream of Sox7, raising the possibility that Sox15 may
negatively regulate Sox7 during skeletal myogenesis in P19 cells.

In Chapter 3, experiments were performed in order to test the hypothesis that
signalling pathways that are active during myogenesis, particularly the Wnt and Shh
pathways, regulate the expression of the pre-skeletal mesoderm markers Foxcl and Foxc2.

Using approaches that both positively and negatively regulate these pathwas, we have
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established that both Wnt and Shh signalling pathways contribute to the expression of Foxcl
and Foxc2 transcripts during myogenesis in P19 cells.

In Chapter 4, the objective was to further extend the role of Sox7 during muscle
development by exploring the pathways upstream that are required for its proper expression.
Based on our observations, we propose that both the RA and Wnt signalling pathways
contribute to Sox7 expression. The studies presented here further extend our knowledge of
the molecular networks of pathways and transcription factors which control the process of

myogenic differentiation in P19 cells.
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2.1 - INTRODUCTION

During the process of vertebrate skeletal myogenesis, signalling molecules such as
Wnts, Bone Morphogenetic Proteins (BMPs) and Sonic Hedgehog (Shh) are secreted from
tissues surrounding the somite (10, 11, 40). These extracellular cues activate a cascade of
transcription factors that ultimately leads to the expression of the myogenic regulatory
factors (MRFs) MyoD, Myf5, Myogenin and MRF4, which control the end-stages of
myogenesis (1). Induction of MRF expression in response to these signals appears to be
mediated by many transcription factors including Pax3, Meox1/2, Six1 and Gli2 (5, 6, 17, 22,
23,29, 31, 36).

Pax3, Meox1 and Gli2 are part of a regulatory network of transcription factors that
regulate myogenesis (29, 36). Pax3 is expressed in the mediolateral dermomyotome and
migrating limb precursors (13, 46), while Pax7, a closely related member, is also expressed
in the dermomyotome and may have redundant functions with Pax3 (32). Cell culture
studies reveal a role for Pax3 in regulating the commitment of cells to the myogenic lineage.
Ectopic expression of Pax3 in embryonic tissues is sufficient to activate MyoD and Myf5
expression (23, 34), and overexpression in P19 cells also leads to the induction of
myogenesis and MRF expression (36). Recent identification of a Pax3 binding site within
the Myf5 regulatory region suggests that Pax3 can directly activate Myf5 expression in
developing murine limbs (2). Furthermore, P19 cells expressing a dominant-negative form
of Pax3, termed Pax/EnR, are unable to undergo myogenesis and do not express MyoD (36).
Expression of Pax3/EnR and Pax7/EnR also inhibits MyoD expression in the mouse embryo
(31), and animals lacking both Pax3 and Pax7 form myotomal muscle, but do not continue to

develop primary or secondary muscle fibers (33). Pax3/Pax7 are essential for the formation
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of satellite cells, suggesting that the Pax3/Pax7 pool of progenitor cells is responsible for
nearly all skeletal muscle formation (14, 33).

A role for Meox1 in regulating skeletal myogenesis and Pax3 expression has been
demonstrated (22, 29). Meox1 and Meox2 are two closely related homeobox transcription
factors. Both Meox1 and Meox2 are initially expressed in the somites, and their expression
becomes localized to the dermomyotome and the developing limb bud respectively, as
development proceeds (6, 7). Mice carrying null mutations for both Meox genes show a loss
of Pax3 and Pax7, in the somite (22). These results place Meox1 prior to Pax transcription
factors in the molecular hierarchy controlling myogenesis. Consistent with this, a dominant-
negative Meox1 transcription factor, Meox1/EnR, downregulates Pax3 expression and
ablates myogenesis (29). It has been shown, by our lab as well as others, that Wnt
signalling can activate Pax3 expression, although it is unclear whether this activation is direct
or indirect (8, 12, 30, 45). The transcription factor Gli2 is also able to induce Pax3
expression, while ectopic expression of a Gli2 dominant-negative, Gli2/EnR, inhibits Pax3
expression and ablates skeletal myogenesis (29). Although much is known about the
downstream effects of Pax3, Gli2 and Meox1 during myogenesis, less is understood about
the factors that regulate their gene expresion.

Sox transcription factors have been characterized for their involvement in muscle
development. Sox8 has been identified as a marker of adult satellite stem cells, and has the
ability to inhibit differentiation of cultured primary myoblasts when ectopically expressed
(37). Studies have implicated another factor, Sox15, as a regulator of myogenesis. Murine
Sox15 was cloned using a differential gene expression screen between proliferating and
differentiating myoblasts (4). Sox15, when ectopically expressed in C2C12 myoblasts, was

able to block myotube formation (4). Moreover, disruption of Sox15 in mice resulted in
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attenuation of skeletal muscle regeneration following crush injury accompanied by a
decrease in MyoD expression (20). It is believed that Sox15, along with Fhi3, binds and
regulates Foxkl expression in regenerating muscle (24). Sox7, another member of the Sox
family, was first characterized in Xenopus (38), followed by the identification of homologs
in mice (41, 42) and humans (16). Sox7 is detected in the somite of mice as early as
embryonic day 7.5-8.0 (41). Studies in Xenopus have shown that xSox7 can induce the
expression of mesoderm inducing genes Xnrl-6 and Mixer, suggesting a role for Sox7 in
regulating the cell fate of mesodermal cells (49). In addition, Sox7 has been extensively
characterized for its role in controlling arteriovenous specification in zebrafish (9, 15, 27)
and Xenopus (50).

Based on the evidence in the literature that Sox15 and Sox7 are involved in
controlling the cell fate of mesodermal derivatives, the present study aims to further
characterize the role of SOX transcription factors in regulating the expression of skeletal

muscle precursor genes during differentiation in P19 cells.

2.2 - MATERIALS AND METHODS

2.2.1 - DNA Constructs

Expression constructs of PGK-pPuro, PGK-Lacz, B17, PGK-Pax3, PGK-Meox1,
CMV-Gli2 and activated CMV-f-catenin have been previously described (29, 30, 35, 36).
CMV-Sox15 was kindly provided by F. Béranger (4). PGK-Sox7 was created by excision of
the Sox7 ORF from the pCMVScript vector (kind gift from Y. Hayashi, Japanese Science

and Technology Agency). The ends of the excised insert were blunted in order to form
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compatible ends for cloning into the Smal site ofithe PGK vector, which has been previously
described (39).

The dominant-negative Sox15/EnR fusion protein was created by PCR amplification
of the engrailed (EN-2) repressor domain using the following oligonucleotides: EnR-F 5°-
AACTCGAG